I. Introduction
N the middle of the last century, jet engine noise was considered to be the major source of aircraft noise. Since then, the introduction of high bypass ratio turbofan engines has meant that jet noise is now considerably reduced.
Jet noise is now just one of numerous other comparable noise sources, all of which must be tackled in order to reduce the overall aero engine noise. Important noise sources on modern aeroplane are generated at the trailing edge of fan blades or the airframe's high lift devices. The noise mechanism here is by the scattering of the hydrodynamic I pressure fluctuations near the trailing edge. At high Reynolds numbers, the boundary layer develops over the airfoil surface is primarily turbulent and hence the radiated noise from the trailing edge is largely broadband in nature.
There has been much interest recently in developing methods aimed at reducing trailing edge broadband noise, such as serrated edges [1] [2] [3] , porous surfaces [4] and brushes [5] [6] . These passive methods have been demonstrated experimentally in low speed rig tests to afford levels of radiated noise reduction of roughly between 2 dB and 6 dB.
Serrated trailing edges, in particular, have been shown to highly effective in reducing noise. In nearly all cases, however, the serrations have been formed from flat plates, which are then inserted into the trailing edge of the main airfoil body. This was done for ease of manufacture and, more importantly, to prevent vortex shedding arising from bluntness caused by cutting the serrations into the airfoil main body. Serrated flat plate inserts are unlikely to have the structural integrity for continuously operation at high loading. Moreover, introducing flat plate inserts alter the airfoil geometry and hence the global circulation around the airfoil is likely to degrade its aerodynamic performance of the original airfoil.
More preferable from the point of view of structural integrity is to cut the serration patterns directly into the airfoil body. However, whilst this configuration has also been shown to afford good level of broadband noise reduction [7] , the overall noise reduction is compromised by high level of bluntness-induced narrowband vortex shedding noise. It is also envisaged that the airfoil's pressure drag will increase due to the vortex shedding in the wake. Previous attempt at reducing the bluntness-induced vortex shedding by wrapping woven-wire mesh screen around the nonflat plate serrated trailing edge was only partially successful [8] . The reason might be due to the low flow resistance of the mesh screen to be effective in suppressing the vortex shedding. Moreover, noise level is found to increase at high frequency due to the surface roughness introduced by the mesh screen to the sawtooth surface. As a result, the overall noise performance is not improved much.
A new approach to introducing serrations directly into the main body of airfoil is investigated in this paper which will be shown to achieve good levels of broadband noise reduction whilst completely suppressing vortex shedding noise at the blunt part of the serration. Central to the noise reduction strategy is the use of porous foams located between adjacent members of sawtooth to fill the gap. Note that these porous foams were cut precisely to match the exact shape of the interstices (sawtooth gaps), so that an original NACA0012 profile throughout the chord length is preserved. The flow resistance associated with the porous foam arising from loss within the foam will be shown to inhibit vortex shedding provided that the flow resistance is within some optimal range of values. If the flow resistance of the porous foam is too high, scattering at the edge of the serration is modified to the extent that the benefits of the serrations are diminished. In this work, the investigation is mostly focused on the use of porous metal foam -nickel-chromium foam of moderate flow resistivity which has been found to almost completely suppress vortex shedding while maintaining the benefits of the serrated trailing edge. At the same time, broadband noise reduction can simultaneously be achieved without significant loss of efficiency. The combination of porous material and serration at the trailing edge, which in this paper is termed as Poro-Serrated, now provides two possible noise reduction mechanisms. One associated with the oblique edges due to the serrations, and the other arising from porosity which allows the pressure and suctions sides to 'communicate', therefore reducing the acoustic dipole strength at the trailing edge. Which of these is the dominant noise reduction mechanism will be discussed later in this paper.
II. Experimental Setup

A. Test Model and the Trailing Edge Serrations
Similar to the previous work by the authors in [7, 8] , the airfoil under investigation is a NACA0012 airfoil with a sawtooth serration cut directly into the main body of the airfoil. The chord length (C) of the airfoil is 150 mm, and the width is 450 mm. Between the leading edge x/C = 0, and x/C = 0.79, the original NACA0012 airfoil profile is unmodified, where x is the streamwise direction. Further downstream, 0.79 < x/C < 1.0, is a section that can be removed and replaced by a serration profile. Once attached the serrations form a continuous profile giving the appearance that the serrations are cut into the main body of the NACA0012 airfoil. Figure 1 shows the parameters associated with serrated trailing edge geometry. A prominent feature of this type of serrated trailing edge is the exposure of a significant bluntness () at the root region, which would otherwise be negligible for the conventional flat plate type serrated trailing edge.
A total of ten trailing edge sections, including one with straight trailing edge to serve as the baseline case, were investigated in this study. Table 1 ). The S1-group of serrations therefore has a narrower sawtooth angle compared to the S3-group of serrations.
In this paper, the investigation of the poro-serrated trailing edge mainly focuses on the use of porous nickelchromium foam at the interstices. The porous nickel-chromium foam has the following characteristics: 17-23 pores/inch, pore diameter  0.9 mm, and air flow resistivity  8 kPa s/m 2 (taken from data sheet). In addition, brushes and Melamine foam were also attempted at the interstices (S3  and S3 ++ , respectively) to explore whether the aeroacoustic performance of the poro-serrated trailing edge could be further enhanced by different porous materials. The Melamine foam has good sound absorption property with  180 pores/inch and air flow resistivity  10 kPa s/m 2 (taken from data sheet). The "inversed" poro-serrated trailing edges of S3 -, and other trailing edge designs S3 o and SP, also utilize porous nickel-chromium foams. Further details can be found in Table 1 .
As already mentioned, the porous metal forms or Melamine were cut precisely to match the exact shape of the interstices, so that the airfoil with the S1 + , S3 + or S3 ++ poro-serrated trailing edge would have a continuous NACA0012 profile throughout the chord length. As an example, photograph showing the S3 + poro-serrated trailing edge is shown in Fig. 2 . A similar principle in maintaining the original NACA0012 profile also applies to the S3 -,
S3
o and SP trailing edges. Tripping tapes were placed at about 0.2C from the leading edge of the NACA0012 airfoil on both sides to artificially trigger the boundary layers into turbulent.
B. Wind Tunnel Facilities and Instrumentations
Free field measurements of the airfoil self noise were mainly conducted in the newly commissioned open jet wind tunnel at Brunel University London, which is situated in a 4 m x 5 m x 3.4 m anechoic chamber. As shown in Fig. 3a , the nozzle exit is rectangular with dimensions of 0.10 m (height) x 0.30 m (width). This wind tunnel can achieve a turbulence intensity of between 0.1-0.2% and a maximum jet velocity of about 80 ms -1 . The background noise of the wind tunnel facility is well below the self noise of the quietest airfoil across the whole range of velocity [9] . The range of jet speeds under investigation was between 20 ms -1 and 60 ms University of Southampton [10] .
As shown in Fig. 3a , far field noise measurements at the Brunel aeroacoustic wind tunnel were made by a single condenser microphone at polar angles of  = 90
o at a distance of 1.0 m from the airfoil trailing edge at mid span.
Noise data was acquired at a sampling frequency of 44 kHz for 10 seconds by a 16-bit Analogue-Digital card from National Instrument. The data was then windowed and the Power Spectral Density (PSD) of 1 Hz bandwidth computed from a 1024 point FFT.
Also shown in Fig. 3a is an acoustic camera manufactured by GFAI Tech GmbH with a 0.35 m-diameter carbonbody planar ring array consisting of 32 microphones to beamform the noise source radiated from the airfoil. The Note that all the noise results presented in this paper are obtained from the single far field microphone, except the acoustic maps in Fig. 9 which are measured by the phase array microphones (beamformer).
To investigate the footprints of the vortex shedding in the wake subjected to the poro-serrated trailing edge, single hot-wire probe (5 m diameter, 1.25 mm length, DANTEC 55P11) was used to measure the mean and fluctuating velocities of the airfoil wake at an overheat ratio of 1.8. Signals from the hot-wire probe were digitized by a 12-bit analog-digital converter (TSI model ADCPCI) at a sampling frequency of 20 kHz for 120000
realizations. The hot-wire probe was attached to a computer-controlled two-dimensional traverse system with a resolution of 0.01 mm in both directions. To investigate the near wall turbulence near the trailing edge, a pair of glue-on hot-film sensors (0.1 mm diameter, 0.9 mm length, DANTEC 55R47) are used. The hot-film sensors were operated in a constant-temperature mode with a relatively mild overheat ratio of 1.4 to avoid adding excessive heating to the near wall boundary layer. The hot-film sensors were sampled simultaneously at 20 kHz for 120000 realizations.
Aerodynamic force measurements were made in a conventional closed working section wind tunnel at Brunel University London. This wind tunnel is not acoustically treated and is not suitable for noise measurement. Instead, it is only used for measurements of the lift and drag forces produced by the NACA0012 airfoil with poro-serrated trailing edges. The wind tunnel has a test section of 0.5 m x 0.5 m, a maximum velocity in the test section of about 38 ms -1 and a freestream turbulence intensity of about 0.2-0.3%. The airfoil model was mounted horizontally across almost the entire width of the test section (1 mm gap on each side of the wind tunnel side window). In order to investigate the effect of the poro-serration on the aerodynamic forces, a 3-component strain gauge force balance was used to measure the lift and drag forces produced by the airfoil. As shown in Fig. 3b , it consists of a mounting plate, which is used to secure the device to the wind tunnel side window, and a triangular force plate. The force plate and the mounting plate were connected via three spherical universal joints constraining the motion of the force plate parallel to the direction of the mounting plate. Forces incurred by the airfoil were transmitted to three strain gauges via the cables. The angle of attack of the airfoil was rotated via a disc between 0 o to 20 o .
III. Noise Results
Using a single far field microphone at polar angle of  = 90
o at a distance of 1.0 m from the airfoil trailing edge at mid span, the Sound Pressure Level (SPL) produced by the groups of serration (S0, S1, S1 , have a substantial effect on the radiated noise spectra compared to the untreated baseline trailing edge S0. First, as expected, 'tone' is produced for both the S1 and S3 serrations due to the bluntness-induced vortex shedding in the wake. The tone produced by the S1 serrated trailing edge has a narrower frequency bandwidth and larger noise magnitude than that produced by the S3 serrated trailing edge, even though they share the same 2h and . The peak frequency of the tone for both the S1 and S3 serrated trailing edges is roughly the same at 1 kHz. As previously explained in [7] the S1 serration has a greater number of "blunt roots" per unit span leading to greater spanwise coherence of the longitudinal vortex shedding for the narrower serration angle (compare Figs. 16b and 16c in [7] ). Therefore a serrated trailing edge with a narrower serration angle, such as the S1 case, should produce a higher tone noise level.
At frequencies greater than 1 kHz (the vortex shedding frequency), both the S1 and S3 serrated trailing edges achieve substantial broadband noise reductions. In some cases, noire reduction in excess of 5 dB is observed at this particular velocity. The narrower serration is found to provide greater noise reductions than the wider serration, consistent with the theoretical predictions of Howe [11] . In conclusion, therefore, a serration cut into the main body of an airfoil with a narrower serration angle provides better broadband noise reduction, but more intense tonal vortex shedding noise.
With porous nickel-chromium foam now introduced between adjacent teeth, both S1 + and S3 + porous-serrations not only completely suppress the bluntness-induced vortex shedding tonal noise, but also provide a consistently lower noise level compared to the baseline straight trailing edge S0. Comparing the poro-serrated trailing edge S1
+ with its S1 counterpart reveals similar levels of broadband noise reduction at frequencies, f, greater than about 1.7
kHz. In addition, the spectral shapes follow a similar frequency oscillation pattern at f > 1.7 kHz. The same observation applies to the S3 + and S3 trailing edges, where similar levels of broadband noise reduction are observed at f > 1.85 kHz and both follow the same spectral shape.
Another advantage of introducing porous metal foam in the gaps between adjacent teeth is that high frequency noise increases, as observed by Gruber et al. [12] with the use of conventional flat plate type serrated trailing edge, is avoided. They attributed this noise increase to the presence of cross-jet through the gaps between adjacent teeth.
However, with the introduction of metal foam now filling this gap, this mechanism is now avoided and no significant increase in noise is observed over the frequency range of interest up to 20 kHz.
The following sections will discuss more thoroughly the impact of introducing the (S1 + , S3 + ) poro-serrated trailing edges to the airfoil self noise reduction.
A. Suppression of the Bluntness-Induced Vortex Shedding Tonal Noise
The source of the vortex shedding tonal noise is located at the airfoil's near wake region [7] and hence a hot-wire probe was used to measure the wake flow in a two-dimensional y-z plane at x/C = 1.03 for the S0, S1 and S1 + trailing edges. The flow measurement was carried out in situ at the Brunel aeroacoustic wind tunnel, i.e., at the identical experimental condition to the noise measurements presented in Fig. 4a where U = 40 ms -1
. The hot-wire measurements were made over the plane of (y, z) = (14 mm, 5 mm), at a resolution of 0.5 mm in both directions.
As shown in Fig. 5 , z = -5, 0 and 5 mm correspond to the tip of the sawtooth; whilst z = -2.5 and 2.5 mm correspond to the root of the sawtooth, where y = 0 corresponds to the trailing edge.
Figures 5a-c show contour maps of the fluctuating velocity power spectral density at a frequency of 1 kHz for the S0, S1 serrated and S1 + poro-serrated trailing edges, respectively. This frequency corresponds to the tonal peak produced by the S1 serrated trailing edge as demonstrated in Fig. 4a . For the S0 baseline case, where no tone noise is observed, the fluctuating velocity spectrum is uniform across the spanwise (z) direction. However, for the nonflat plate S1 serrated trailing edge in Fig The overall wake power spectral density at a particular z location, (z, f), can be estimated from:
where (y, z, f) is the mean square fluctuating velocity in the wake flow. Figures 6a-e compare the (z, f) for the S0, S1 and S1 + serrations at z = 0 (tip), z = 1 mm, z = 2.5 mm (root), z = 4 mm and z = 5 mm (tip), respectively. All the S0, S1 and S1 + PSD feature the same high frequency roll-off of f
, indicating that the wake flow is turbulent.
The dominant narrowband peaks in the wake for the S1 serrated trailing edge, which occur at approximately 1 kHz, match exactly the acoustic tones measured by the free field microphone in Fig. 4a . When the serrated trailing edge is replaced by the S1 + poro-serration the narrowband peaks in the wake are completely suppressed across the whole range of z. The  levels produced by the S0 baseline, S1 serrated and S1 + poro-serrated trailing edges are quite similar beyond the tone frequency (i.e. f > 1 kHz), especially close to the sawtooth tip at z = 0 and 5 mm. However, near the sawtooth root region of z = 2.5 mm, both the S1 serrated and S1 + poro-serrated trailing edges produce slightly higher  level than the S0 case at f > 1.5 kHz. This is likely to be caused by the largest bluntness at this particular z location for the S1 serrated trailing edge (hence the strongest vortex shedding), and the largest l p (z) for the poro-serrated trailing edge (hence the strongest turbulence level of the near wall boundary layer). Nevertheless, the higher near wake  level at the serration root region does not compromise the trailing edge noise reduction capabilities of the S1 serrated and S1 + poro-serrated trailing edges.
B. Broadband Noise Reduction
In the previous section, only noise results at U = 40 ms -1 were presented. Here we examine the performance matrix of the serrated trailing edges at other velocities. The difference in Sound Pressure Level (SPL) between a baseline, straight trailing edge (S0) and the serrated trailing edges (S1, S1
+ , S3 and S3 + ) can be calculated as
Figures 7a and 7b, and 8a and 8b show contour maps of SPL as a function of frequency and mean velocity (U = 20-60 ms -1 ) for the S1 and S1 + serrations, and for the S3 and S3 + serrations, respectively. Note that the velocity resolution in these figures is 2 ms -1 . The same resolution also applies to other SPL contour maps throughout the phenomenon has been reported in our previous works in [7] .
As shown in Figs. 7b and 8b, the current work represents a substantial improvement in noise control performance in that the tonal rungs can now be completely suppressed by the addition of porous metal forms in the gaps between the teeth, whilst the efficiency of broadband noise reduction is largely preserved. Within the velocity range under investigation here, up to 7 dB broadband noise reduction can be achieved.
A conventional delay-and-sum beamformer was used to confirm that the measured airfoil radiation originates from the trailing edge. The plane of the array was held below the airfoil and the beam scanned over the plane of the airfoil. Figure 9a shows the noise map corresponding to the baseline, S0 case at U = 40 ms -1 . The beamformer map is shown at a single frequency of 2.3 kHz, which corresponds to the centre of the frequency band where most of the broadband noise reduction occurs (see Fig. 4a ). Figure 9a shows conclusively that the broadband noise at this frequency, as seen from the previous noise spectra measured by a single microphone in Fig. 4a , mainly originated from the straight trailing edge of the airfoil. In Fig. 9b , where the trailing edge is now replaced with the S1 + porousserration type, the noise map demonstrates a significantly reduced level of broadband noise radiation from the trailing edge by more than 5 dB.
As 
C. Mechanism of Broadband Noise Reduction by the Poro-Serrated Trailing Edges
Fully porous of the whole airfoil has been shown to afford significant broadband noise reduction [4] . However, by making the whole airfoil fully porous the overall lift is reduced and drag is increased. In order to recover some of the aerodynamic performance for a fully porous airfoil, Geyer and Sarradj [13] used a thin PVC film to cover the main part of the airfoil body, thereby exposing only a partially porous trailing edge. If s denotes the chordwise extent of the porous trailing edge, Geyer and Sarradj investigated the partial porous airfoil in the range of 0.05 < s/C < 0.5. They observed that broadband noise can still be reduced by the partially porous trailing edge, which they attributed to the damping of the hydrodynamic pressure fluctuations by the porosity at the trailing edge.
The S1 + and S3 + poro-serrated trailing edges investigated in this study utilize porous nickel-chromium foams to fill the gaps between adjacent members of the sawtooth. As illustrated in the drawings in Table 1 , the S1 + and S3 + poro-serrated trailing edge exhibit a spanwise interchanging of solid-porous interfaces, i.e. the nonporous, solid sawtooth structure and the porous metal foams at the interstices both occupy approximately the same surface area per unit span. We now seek to determine whether the broadband noise reduction obtained using the S1 + and S3 + poro-serrated trailing edges is due to the serration or the porous material, or both. To do this, two different types of trailing edge devices were manufactured and their noise spectra were measured under the same flow condition as the S1 + and S3 + cases.
The first trailing edge device is referred to as S3 -'inversed poro-serrated' trailing edge, which is the inverted version of the S3 + poro-serrated trailing edge. As illustrated in Table 1 , the sawtooth structure is now replaced with porous nickel-chromium foam, whilst the sawtooth gaps (interstices) are filled with solid, nonporous object. The corresponding noise map of SPL versus frequency and flow speed is shown in Fig. 11 . Because there is also no blunt surface exposure for the S3 -trailing edge, the absence of the bluntness-induced vortex shedding tonal noise is expected. However, it is observed that the S3 -"inversed poro-serrated" trailing edge is less effective than the S3 + poro-serrated trailing edge in broadband noise reduction. Comparing Fig. 8b and Fig. 11 reveals that noise reduction achieved by the S3 -"inversed poro-serrated" trailing edge only occurs at a much lower frequency than the S3 + poroserrated trailing edge, and the frequency bandwidths are also smaller. In addition, as demonstrated by the large region of negative SPL, the S3 -trailing edge produces higher noise level than the baseline S0 trailing edge at f > 1 kHz across the whole velocity range. Therefore the overall noise performance of the S3 -trailing edge is not satisfactory. Further discussion of the S3 -"inversed poro-serrated" trailing edge will be provided in Section V.
The second trailing edge device under investigation here is denoted as SP. This trailing edge device is formed by machine cutting a large piece of porous nickel-chromium foam to produce a continuous trailing edge profile, which is then attached to the solid airfoil main body, thus resembling the partially porous, straight trailing edge concept of Geyer and Sarradj [13] . Note that the SP partially porous trailing edge does not contain any serration pattern. In order to maintain an exactly same 2h as the S1 + and S3 + poro-serrated trailing edges, the porous nickel-chromium foam section of SP is s = 20 mm. The corresponding noise map of SPL versus frequency and flow speed for the SP partially porous trailing edge is shown in Fig. 12 . Noise reductions are seen to be limited to the higher flow speeds of U > 30 ms -1 . At f > 8 kHz, at all velocities, noise is observed to increase which is likely to be caused by the surface roughness of the porous metal foams. Also present in the noise map is a weak, narrowband 'rung' which scales with 0.15 < St  < 0.18, where  is the same value as the S1 and S3 serrated trailing edges. The close resemblance of the Strouhal number dependencies between the S1, S3 serrated trailing edges and the SP partial porous trailing edge for the tonal rungs suggests that they all share the same vortex shedding noise source from the blunt roots (at x/C = 0.87). Fluid flowing through the SP trailing edge at x/C = 0.87, which is the interface between the solid main body and the porous trailing edge, could result in reasonably strong longitudinal vortex shedding for the radiation of tonal noise. On the other hand, the S1 + and S3 + poro-serrated trailing edges (also the S3 -"inversed poro-serrated" trailing edge) are far more effective in suppressing the vortex shedding noise. This is likely to be caused by the presence of spanwise interchanging of solid-porous interface near the trailing edge to inhibit the development of the longitudinal vortex shedding with strong spanwise coherence.
To summarize, both the SP partially porous trailing edge and S3 -"inversed poro-serrated" trailing edge are only effective in noise reduction at low frequencies with a narrow bandwidth. This is markedly different if compared with the S1, S1
+ , S3 and S3 + serrated trailing edges, which all have demonstrated more superior noise reduction capabilities. The S3 -"inversed poro-serrated" trailing edge contains the same amount of porous nickel-chromium foams as the S3 + poro-serrated trailing edge per unit span, and yet it only matches in noise reduction capability as the partially porous SP trailing edge that does not feature sawtooth serration at all. Therefore, there is strong evidence that the broadband noise reduction achieved by the S1 + and S3 + poro-serrated trailing edges is mainly caused by the effect of sawtooth serration. However, we also have evidences to prove that the porous material filling the sawtooth gaps, if selected properly, could also contribute in further reduction of broadband noise level. The result will be presented next.
D. Other porous materials in the "Poro"-Serrated Trailing Edge
In previous sections, the porous material employed by the poro-serrated trailing edge is the nickel-chromium foams. This section will investigate the characteristics in broadband noise reduction when different porous materials are used to fill the gaps between the sawtooth. The first is referred to here as the S3  serration, and its drawing can be found in Table 1 . This configuration comprises a thin layer of brushes in place of the porous nickel-chromium foam to lightly fill the gaps between adjacent members of the S3 sawtooth. The corresponding noise map of SPL versus frequency and mean flow speed is shown in Fig. 13 . By comparing Fig. 8b and Fig. 13 , the S3  serrated trailing edge is seen to be as effective as the S3 + poro-serrated trailing edge in suppressing vortex shedding tonal noise. Moreover, the frequency range over which broadband noise reduction achieved by the S3  serrated trailing edge is even found to be slightly wider than the S3 + poro-serrated trailing edge, especially in the mid to higher velocity regions.
Note that the brushes in the S3  serrated trailing edge must be relatively thin. If the brush density at each sawtooth gap is too high, the effectiveness of the broadband noise reduction will be negated. At the same time, a noticeable level of noise increase at high frequency is also observed. This behavior is reflected in Figs. 14a-c for the noise spectra measured at U = 40 ms -1 by the S3  serrated trailing edge with "high-density", "medium-density" and "light-density" brushes at the sawtooth gaps. Note that the "medium-density" and "light-density" brushes are approximately 60% and 30%, respectively, of the "high-density" brush. The results demonstrate that the overall noise performance improves as the brush density reduces.
The above observations of wider frequency range of +SPL (broadband noise reduction) achieved by S3  , and the dependence of brush density in the overall noise performance strongly suggest that the porous material on the sawtooth gaps could also play a positive role in the turbulent broadband noise reduction. to +2 dB) across the frequency and velocity domains. Because the sawtooth geometries for both the S3 + and S3 ++ poro-serrated trailing edge are exactly the same, a nonzero value in SPL in this case must be related to the choice of the porous material at the sawtooth gaps. Many parameters can be used to describe a porous material, such as the air flow resistivity, permeability, density, surface roughness, pore/cell size and number of pores per unit area, but which of these is the main mechanism causing the S3 ++ poro-serrated trailing edge to achieve better noise performance remains a subject of investigation in the future.
IV. Aerodynamic Performance
As discussed in Section I most of the early serrated trailing edges have been in the form of flat plate inserts.
However, the artificial lengthening of the airfoil geometry could affect the global flow circulation around it, thus possibly leading to modification in the aerodynamic performance.
The proposed nonflat plate type serrated trailing edge preserves the original airfoil shape with the advantage that aerodynamic performance is not compromised significantly. This section will investigate the effect of these various serrations on the lift coefficient (CL) and drag coefficient (CD) of the NACA0012 airfoil with the S1 + and S3 + poro- o , where up to a 17% difference is obtained. However, the S1 + poro-serrated trailing edge, which has a narrower serration angle, recovers its CL/CD to almost the same level as the baseline S0 trailing edge throughout the range of  in both the pre-stall and post-stall regimes. The remarkable recovery of CL/CD by the S1 + poro-serrated trailing edge is thus very encouraging.
Although the aerodynamic results provided in this section are far from exhaustive, they suggest that the best recovery of the aerodynamic performances for a poro-serrated trailing edge is related to the one with the smallest serration angle . This finding could have anticipated because the smallest serration angle entails a more significant discontinuity of the porous metal foams in the spanwise direction, and that a constant porous medium as part of an airfoil is likely to be more detrimental for its aerodynamic forces. Remarkably, the criterion of low serration angle  for maintaining the aerodynamic performances is the same for achieving the optimal broadband noise reduction.
V. Discussions
Sections III.A and III.B of this paper have demonstrated the capability of the S1 + and S3 + poro-serrated trailing edges to completely suppress vortex shedding tonal noise that would otherwise be produced by the S1 and S3 serrated trailing edges, whilst at the same time maintaining the same level of broadband noise reduction. We have confirmed that broadband noise reductions by the S1 + and S3 + poro-serrated trailing edges are mainly caused by the serration effect (in Section III.C), even though by filling the gaps between adjacent members of the sawtooth in S1
+ and S3 + a seemingly "straight" trailing edge is formed (see Figs. 17a-b) . However, further question remains for the increased surface roughness introduced by the porous nickel-chromium foams and its implication to the noise radiation.
To address these issues two surface-mounted hot-film sensors (HF1 and HF2) were located onto the baseline S0, and the S3 + poro-serrated trailing edges at x/C  0.95 but spaced 6 mm apart (z) in the spanwise direction. This spanwise spacing for the S3 + poro-serrated trailing edge is designed such that one hot-film sensor (HF1) is situated within the solid, nonporous sawtooth surface, while another hot-film sensor (HF2) is situated within the porous metal foam, as illustrated in Fig. 17b . The exact locations of HF1 and HF2 in the S3 + poro-serrated trailing edge are replicated in the S0 straight trailing edge (Fig. 17a) , though both hot-film sensors are now situated on the solid surface. suggest that the turbulent boundary layer is fully developed (this might only be true at x/C = 0.95. As shown in [14] , the existence of some oblique vortical structures along the side edges of the solid-surfaced sawtooth is likely to yield a different PSD characteristic if x/C is closer to unity, i.e. towards the sawtooth tip). On the other hand, as shown in Fig. 19b , HF2 _S3 + (situated on the porous surface) produces slightly lower spectral level at low frequency, but considerably higher level at f > 2.2 kHz, than the HF2 _S0 counterpart.
Measurements of the surface-mounted hot-film signals were also performed at 20  U  60 ms -1 . The following parameter is introduced:
where  is the power spectral density level measured by a particular type of hot-film sensor, i = 1 or 2, for either the S0 and S3 + trailing edges.  1 is designed to show the difference in power spectral density levels between HF1 _S0
and HF1 _S3 + , where both hot-film sensors are situated on solid surfaces. Likewise,  2 will show the difference in power spectral density levels between HF2 _S0 and HF2 _S3 + , but the HF2 _S0 is situated on a solid surface and the HF2 _S3 + is on a porous surface. The largely zero value of  1 in Fig. 20a confirms that both the power spectral densities at locations HF1 _S0 and HF1 _S3 + are similar throughout the frequency-velocity domain. However, the  2 contour in Fig. 20b is noticeable different. Three distinct zones can be identified from Fig. 20b: 1. Zone I (low frequency range) has a slight positive level of  2 up to 2 dB.
2. Zone II (mid frequency range) contains the  2 which is largely close to zero value.
3. Zone III (high frequency range) is characterized by a considerable negative level of  2 up to -6 dB.
A predominantly negative level of  2 in Zone III implies that the porous surface produces higher power spectral density level than the solid, nonporous surface. We now assume that the power spectral density measured by the hotfilm sensors near the trailing edge shares a close causality with the radiated noise spectrum. The negative level of 1. The negative level of  2 in Zone III does not result in significant noise increase at the same zone.
2. Noise reduction at Zone I is not realized despite the slight positive level of  2 at the same zone.
3. Most crucially, most of the broadband noise reduction observed in the SPL actually occurs at Zone II, where the level of  2 at the same zone is largely zero.
In summary, none of the initial conjectures are true regarding the effect of porous metal foams to the radiated noise. Despite that the porous metal foam will increase the overall 'roughness' of the trailing edge surface, it does not seem to cause noise increase at high frequency, nor to achieve significant noise reduction at low frequency. The primary effect of the porous metal foams exerting on the overall noise radiation for the S3 + poro-serrated trailing edge is to undermine the bluntness exposed by the serration roots, thus avoiding the vortex shedding tonal noise.
Despite that the addition of the porous metal foam will cause the trailing edge appearing 'straight', it does not enhance the scattering efficiency that one would expect from a straight, unserrated trailing edge. Therefore the broadband noise reduction observed in the SPL contours for the S1 + and S3 + poro-serrated trailing edges is primarily caused by the serration effect. Although the hot-film test was not carried out for the S3 ++ poro-serrated trailing edge, the mechanism is expected to be the same.
Finally, the results presented thus far could provide a hint about the mechanism underpinning the broadband noise reduction by the S1 + and S3 + poro-serrated trailing edges. Table 2 
VI. Conclusions
This paper reports an experimental study on the aeroacoustic properties of a NACA0012 airfoil with a number of trailing edge devices (S1, S1 + , S3, S3 The use of S1 and S3 serrated trailing edges will result in sound pressure level reduction of the broadband noise up to 7 dB. However, noise increase caused by the vortex shedding from the exposed blunt roots is also very significant, especially for the S1 case. The use of porous nickel-chromium foams to fill the gaps between adjacent members of the sawtooth, as demonstrated by the S1 + and S3 + poro-serrated trailing edges, can completely suppress the vortex shedding tonal noise, whilst the level of broadband noise reduction remains the same. These poro-serrated trailing edges also demonstrated an excellent repeatability in noise performance when they were tested in another aeroacoustic facility. There is little aerodynamic penalty if these poro-serrated trailing edges are integrated to the airfoil body. Another benefit these poro-serrated trailing edges exhibits over the flat plate type serrated trailing edge is the minimal noise increase at high frequency. A trend discernible from the current results is that the S1 + poroserrated trailing edge (with a narrower serration angle) performs better acoustically and aerodynamically than the S3 + counterpart. Both have the same root-to-tip distance (2h).
Although not shown in this paper for clarity, an exactly similar outcome of the broadband noise reduction can be achieved by these poro-serrated trailing edges when the airfoil is adjusted to non-zero angles of attack, i.e. 0.8 o and 2.8 o effective angles of attack after applying the corrections of the jet nozzle height.
Another promising concept developed in this study is the S3  poro-serrated trailing edge where the gaps between adjacent members of sawtooth were partially filled with thin brushes instead of the porous nickel-chromium foams.
The levels of noise reduction for both the vortex shedding tonal noise and the turbulent broadband noise are similar compared to the S3 + poro-serrated trailing edge. More interestingly, the S3  poro-serrated trailing edge achieves broadband noise reduction over a wider bandwidth in frequency than the S3 + counterpart, especially at higher velocity.
Two possible broadband noise reduction mechanisms could be associated with the poro-serrated trailing edges.
One associated with the oblique edges due to the serrations, and the other arising from porosity which allows the pressure side and suctions side to 'communicate' therefore reducing the acoustic dipole strength at the trailing edge.
As discussed in Section III.C, whilst the SP, S1 + and S3 + trailing edges all used the porous nickel-chromium foams with the same porous length s, or serration root-to-tip distance 2h, the partial porous trailing edge SP produces very different SPL characteristics when compared to the S1 + and S3 + poro-serrated trailing edges. Most importantly, the SP trailing edge could not match the level and bandwidth of broadband noise reduction achieved by the S1 + and S3 propagate on a porous sawtooth serration.
In conclusion, the poro-serrated trailing edges investigated in this paper have the potential to improve the industrial worthiness of the serration technology in achieving low noise radiation in fan and turbine blades. A viable path for the continuation of the current work is a parametric study when the poro-serrated trailing edge is subjected to different sawtooth geometries (e.g. 2h and ) and porous materials with different air flow resistivity, density, permeability and surface roughness, over a wide range of Reynolds numbers and angles of attack. Fig. 12 Color map of the SPL, dB produced by the SP partially porous trailing edge. The velocity resolution is 2 ms -1 .
SPL, dB
St  = 0.18
St  = 0.15 Fig. 13 Color map of the SPL, dB produced by the S3  poro-serrated trailing edge. The velocity resolution is 2 ms -1 . 
